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This paper deals with the simple performance evaluation method of variable refrigerant flow (hereafter VRF) system 
using volumetric efficiency of compressor. Generally, it is very difficult to evaluate the actual performance of VRF 
system, and it is a matter of urgency to establish the performance evaluation method on the actual condition. 
Especially, the simple method which can be used by user is essential to sound development of the air conditioning 
system. 
The refrigerant mass flow and the capacity are calculated by the mechanical formula of the compressor. Since only 
volumetric efficiency is an unknown parameter of this formula, we calculated the volumetric efficiency using the 
refrigerant flow meter in the several static conditions and analyzed the change of the volumetric efficiency. The 
results show that the volumetric efficiency is about 90% in all condition. Therefore, we calculated the capacity using 
the fixed volumetric efficiency as the simple method. The relative error between this method and the capacity based 




In recent years, VRF system has prospered in the world as well as Japan. These systems have installed in the small 
or middle scale buildings. In case of the large scale buildings, the central air conditioning systems have been 
regularly adopted. However, installation of these systems has increased in the large scale buildings because of 
convenience and ease of installation recently. 
In Japan, ‘Air-Enthalpy (hereafter AE) Method’ which prescribed by JIS (Japan Industrial Standard) and JRA (The 
Japan Refrigeration and Air Conditioning Industry Association) rules is used. However, it shows the different result 
from the actual condition’s performance because ‘AE Method’ is done in the static condition. Therefore, it is a 
matter of urgency to establish the performance evaluation method on the actual condition. 
Kato (et al, 2009) developed the performance evaluation method measuring the heat flux on the out door unit. They 
measured the capacity of VRF system from heat flux on outdoor unit. However, this method is hard to measure the 
performance of a gas engine heat pump (hereafter GHP). Because the heat flux blowing on the outdoor unit contains 
the gas engine waste heat from an engine cooling system. And the heat flux on the outdoor unit is affected by 
disturbance, so it is difficult to measure the exact value in actual condition. 
Takahashi (et al, 2008) and Wakahara (et al, 2010) developed ‘Compressor Curve (hereafter CC) Method’ using 
characteristic curve of compressor. This method is based on the characteristic curve of compressor mass flow rate 
and can estimate the actual performance with high accuracy. However, it is hard to know the characteristic curve by 
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user-side because it needs the preparatory experiment. The suggestion from the user based on actual operation is 
beneficial to rewarding development of the air conditioning system in future. Therefore, it is required to establish the 
simple performance evaluation method. 
This paper describes the simple performance evaluation method using the volumetric efficiency of the compressor. 
This method calculates the refrigerant mass flow and the capacity using the mechanical formula of the compressor. 
The parameters are the displacement, the volumetric efficiency, the suction refrigerant density and the revolution of 
compressor. Since all parameters except volumetric efficiency can be known by specification or measurement, the 
calculation of the refrigerant mass flow is possible by the estimate of the volumetric efficiency. Therefore, we 
calculated the volumetric efficiency using the refrigerant flow meter in the several static conditions, and analyzed 
the change of the volumetric efficiency. 
 
2. EXPERIMENTAL METHOD AND EQUIPMENTS 
 
2.1 Outline of Method 
The cooling and heating capacities are calculated by the refrigerant mass flow passing the indoor unit and the 
variation of the enthalpy between the indoor unit as listed equation (1). The variation of the enthalpy is calculated as 
follows: 
 1) Measure the temperature and pressure of refrigerant for inlet and outlet part of the indoor unit. 
 2) Obtain the enthalpy value using the upper properties. 
 3) Calculate the variation of the enthalpy value between the indoor unit. 
  
The refrigerant mass flow passing the compressor is calculated by the suction refrigerant density, displacement of 
the compressor, the revolution of the compressor and the volumetric efficiency as listed equation (2). In this 
equation, the unknown parameter is only the volumetric efficiency. Other parameters are obtained by specification 
or measurement. We calculated the volumetric efficiency using the refrigerant flowmeter in the several static 
conditions and analyzed the change of it as shown equation (3). Equation (2) is rearranged as equation (3). 
 
hGQ in        (1) 






       (3) 
 
2.2 Experimental Method 
This experiment was done under the static thermal conditions and gas engine revolution. The refrigerant mass flow 
rate, the suction refrigerant density and the revolution of the compressor were measured to estimate the volumetric 
efficiency. The suction refrigerant density is calculated by temperature and pressure of the suction refrigerant. And 
‘AE Method’ was also done to be compared with this study method. 
 
2.3 Experimental Equipments 
GHP was used in this study. This experiment is done in the calorie box. The indoor unit and outdoor unit were set in 
a separate room. The test unit is configured four indoor units and one outdoor unit. Test unit has two compressors 
which are connected with gas engine by V-belt. The volume of these compressors is different. The number of 
operating compressors is able to change by the clutch. The specifications of the test unit are shown in Table 1 and 
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Figure 1: Piping diagram of test unit 
 
2.4 Experimental Conditions 
In this experiment, we change the operating compressors and the gas engine revolution to measure the performance 
in different conditions. Table 2 shows the conditions of the dry and wet bulbs temperatures, and Table 3 shows the 
operating conditions. The temperature conditions are based on the rules of JIS in performance evaluation. The 
compressor revolution is change depending on gas engine revolution. 
 
Table 3: Temperature conditions 
 
 Indoor side DB/WB Outdoor side DB/WB 
Cooling 27˚C /19˚C 35˚C 
Heating 20˚C /14.5˚C 7˚C /6˚C 
 
Table 4: Operating compressor and revolution of gas engine 
  
 Operating compressors 



































Electric source 3φ200V 




Cooling 56.0 kW 
Heating 63.0 kW 
Gas input 
rating 
Cooling 38.3 kW 






No.1: 172.6 cc/rev 
No.2: 98.1 cc/rev 
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3. EXPERIMENTAL RESULTS AND DISCUSSION 
 
3.1 Refrigeration Mass Flow Rate 
The refrigerant mass flow rate is measured coriolis flowmeter which is installed between the indoor and outdoor unit. 
In case of cooling operation, refrigerant mass flow at the flowmeter and refrigerant mass flow passing the 
compressor are different, because the refrigerant flow branches into the subcooler. The branch is confluent before 
exhaust heat recovery unit on piping as Figure 1. Therefore, it is necessary to consider the mass flow passing the 
subcooler in order to calculate the capacity. Figure 2 shows the branch of the flow at the subcooler. We applied the 
law of the conservation of energy to the confluence and estimate the mass flow passing the subcooler as shown 
equation (4) and equation (5) which is rearranged as equation(4). The refrigeration mass flow passing the indoor unit 
is calculated as equation (6). 
 










       (5) 





Figure 2: The branch of the flow at the Subcooler 
 
3.2 Analysis of Volumetric Efficiency 
Figure 3 is scattergrams of volumetric efficiency of cooling operation and Figure 4 is heating operation’s one. The 
horizon axis is the revolution of the compressors. The volumetric efficiency of heating operation which is operated 
by single compressor cannot be calculated because the refrigerant passing the refrigerant mass flowmeter is gas-
liquid two phase flow. According to these scattergrams, the volumetric efficiency was about 80 to 100% in all 
conditions. The volumetric efficiency decreases with increasing the revolution in same condition, however there is 
not much change of volumetric efficiency in different conditions. The volumetric efficiency of cooling operation 
which is operated by only No.2 compressor is unstable. The cause of this unstably is considered that the operational 
control occurred during the operation. 
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Figure3: Change of volumetric efficiency (Cooling)  Figure4: Change of volumetric efficiency (Heating) 
 
3.3 Regression Equation 
Regression Equations are obtained by the result of the analysis of volumetric efficiency. Regression equations of 
volumetric efficiency are shown table 5. The explanatory variable is revolutions of the compressors. The coefficient 
of determination is small in all conditions except the condition which operated by two compressors in cooling. 
However the standard error is also small. 
 










No.1 & No.2 98007.01089255.3 5   N  0.59503 0.01033 
No.1 94550.01053133.5 5   N  0.03025 0.01611 
No.2 43906.11061727.3 4   N  0.07847 0.08640 
Heating No.1 & No.2 04534.11040579.6 5   N  0.26125 0.03363 
 
3.4 Application of Regression Equations 
The regression equations are applied to another experimental data to verify the accuracy. The conditions which are 
compared with the regression equations are shown in Table 6. The results of this comparison are shown in Table 7. 
The relative errors of measurement were controllable within 2.0%. The relative errors of measurement are very 
small because these conditions are stable. The relative errors between the AE method and regression equations were 
within 11%. The reason of it is that the error between the capacity calculated by refrigeration mass flowmeter and 
AE method is high from the beginning. As the result, the effectiveness of this method was clarified. 
 






gas engine [rpm] 
Comparison 
Cooling 
100% No.1&2 2200 
Mass flowmeter 
AE method 









75% Not fixed AE method 
50% 1100 AE method 
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Table 7: Relative error of other methods 
 
 Load 
Relative error of 
measurement (%) 
Relative error 
of AE method (%) 
Cooling 
100% 1.60 7.02 
50% 1.58 6.89 
Heating 
100% 1.90 8.01 
75% - 9.26 
50% - 10.8 
 
3.5 Fixed Volumetric Efficiency Method 
The effectiveness of the regression equations was verified. But the coefficients of regression equations are different 
for each operations and machines. Then we explain another method as simpler one. As the result of the analysis of 
volumetric efficiency, the value of volumetric efficiency doesn’t change a lot. It is considered that the capacity 
which is calculated by fixed volumetric efficiency has enough accuracy. Table 8 shows the average of volumetric 
efficiency. Then the capacity using these values was shown in Figure 5 to Figure 9. The conditions which were 
compared with fixed volumetric efficiency method were same as Table 6. The relative errors of Figure 5 to Figure 9 
are taken together in Table 9. The relative errors between the fixed volumetric efficiency method and the 
measurement using the flowmeter were within 5%. The relative errors of AE method were within 11%. However the 
conditions which were compared did not contain the small load operations and the conditions which were operated 
by only No.2 compressor, we applied fixed volumetric efficiency method to the conditions as shown Table 4. The 
performance could be estimated within 9% as a whole as shown Table 10. 
 
Table 8: Average of volumetric efficiency 
 





Table 9: Average of relative error 
 
 Load 
Relative error of 
measurement (%) 
Relative error 
of AE method (%) 
Cooling 
100% 2.65 9.22 
50% 1.54 6.65 
Heating 
100% 4.61 10.89 
75% - 5.29 
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Figure 5: Comparison between fixed volumetric 
efficiency method and measurement (Operation: 
Cooling, Operating compressors: No.1&2, 
Revolutions of gas engine: 2200rpm) 
Figure 6: Comparison between fixed volumetric 
efficiency method and measurement (Operation: 
Cooling, Operating compressors: No.1, Revolutions 
of gas engine: 1300rpm) 
 
Figure 7: Comparison between fixed volumetric 
efficiency method and measurement (Operation: 
Heating, Operating compressors: No.1&2, 
Revolutions of gas engine: 2100rpm) 
Figure 8: Comparison between fixed volumetric 
efficiency method and measurement (Operation: 
Heating, Operating compressors: No.1&2, 
Revolutions of gas engine: Not fixed) 
 
 
Figure 9: Comparison between fixed volumetric efficiency method and measurement (Operation: Heating, 
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Table 10: Average of relative error 
 
Operation Operation compressors Relative error (%) 
Cooling 
No.1 & 2 1.61 
No.1 1.21 
No.2 8.28 
Heating No.1 & 2 3.61 
 
3.6 Application to actual conditions 
Since it is thought that the fixed volumetric efficiency method is more proper to use by user-side, we adopted this 
method in the actual condition. The sample machines are the newest GHP which are installed in Tokyo University of 
Marine Science and Technology. Although we tried to verify the accuracy using the refrigerant mass flow, the 
refrigerant mass flow could not measure because the refrigerant flow was gas-liquid two phase flow in all conditions. 
So we describe only results of the calculations for reference. Figure 10 shows an example of cooling operation and 
Figure 11 shows an example of  heating operation.  
 
 




We performed an experiment in the VRF(GHP), and the performance evaluation method using the volumetric 
efficiency of compressor was developed. The acquired knowledge is as follows. 
 
 As the result of the analysis, the volumetric efficiency did not change a lot. And it was about 80 to 100% in 
all conditions. 
 The regression equations could estimate the volumetric efficiency and the capacity with high accuracy. The 
relative errors between the regression equations and measurement using the mass flowmeter are within 2%. 
 The performance evaluation method using fixed volumetric efficiency as simpler method could estimate the 
performance with high accuracy. The relative errors between this method and measurement using the mass 
flowmeter are within 9%. 
 It is shown that the simple performance evaluation method using fixed volumetric efficiency is possible to be 
applied to the actual conditions. 
 The fixed volumetric efficiency method is useful for energy conservation and become enlightenment to 
developing of air-conditioning system. 
 
For the above mentioned result, the significance of the developed evaluation method was checked. This method is 









Q capacity (kW)  Subscripts 
G refrigerant mass flow (kg/s) in indoor unit 
h specific enthalpy (kJ/kg) comp compressor 
ρ density of refrigerant (kg/m3) sub subcooler 
V displacement of the compressor  (m
3
/rev) 
N revolution of compressor (rpm (revolution per minutes)) 
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